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Abstract

The formation of positively charged mixed metal oxide ions produced by alkali and alkaline earth chromate laser ablation
has been investigated by Fourier transform ion cyclotron resonance mass spectrometry. The development of the fingerprints
of these compounds with the increase of the counter ion radius, modification of power density, wavelength, or hydration degree
allow us to gain a better understanding of the processes involved in ion formation and occurring after laser irradiation. The
mixed metal ions are in all probability formed by ion/molecule reactions corresponding to sequential addition of neutral
molecules on precursor ions. The ternary system of chromate compounds (chromium–oxygen–chromate counter ion) induced
the presence of various neutral species in the gaseous cloud above the analyte surface; these species are responsible for the
occurrence of competitive aggregation reactions. In this case, the formation of a given ion is governed by the relative affinity
of its precursor ion with either neutral species. Moreover, the evolution of the alkali chromate fingerprint with the power
density pushes us into considering the aggregation processes as equilibrium, the reverse way depending on the accumulated
internal ion energy. By considering a simple model based on the minimization of unpaired electrons in favor of a greater
stability, we additionally put forward two ionic structures for the most intense cluster ion M3CrO4

1 observed on the fingerprint
of alkali chromate. (Int J Mass Spectrom 198 (2000) 213–234) © 2000 Elsevier Science B.V.

Keywords:Ion formation processes; Laser ablation/ionization; Competitive ion/molecule reactions; Cluster ions stability

1. Introduction

In the first part of this work [1] we presented the
characteristic fingerprint of alkali and alkaline earth
chromate, as obtained after laser ablation/ionization
by time-of-flight mass spectrometry (TOF-LMMS)

and Fourier transform ion cyclotron resonance mass
spectrometry (LA-FTICRMS). These preliminary re-
sults allowed us to elaborate on the specific behavior
of (1) alkali chromate and (2) alkaline earth chromate.
An increase of the radius of the counter ion of
chromate exacerbates the behavior of the two com-
pounds. The comparison of TOF-LMMS and LA-
FTICRMS fingerprints, focusing on the modification
of the latter in relation with the increase of the radius* Corresponding author.
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of the chromate counter ion provided preliminary
information for a better understanding of the pro-
cesses involved in ion formation.

The comprehension of the mechanisms of ion
formation is of prime importance from the point of
view of speciation. As a matter of fact, an accurate
interpretation of the results obtained by mass spectro-
metry will depend on notions that ought to be as
accurate as possible about the processes prevailing
during the formation of the cluster ions observed, so
as to preclude from interpretation errors.

The study of ion formation processes after inor-
ganic compounds laser irradiation is very critical; as a
consequence, no general model—as far as we know—
has been postulated up to now. However, several
papers dealing with this fundamental aspect of laser-
matter interaction have been published.

Hercules and co-workers [2] considered that sev-
eral processes occur in several well-defined and well-
separated regions at and near the laser impact. The
first one is the area of direct interaction between the
laser and the sample. Ionization undoubtedly occurs
in this region. The high temperature reached induced
an important fragmentation. This is the reason why
only atomic or very little molecular species are
produced in this first area. There is a second region,
adjacent to the former one; it can be described as
between the solid and gaseous phases. This region has
a high thermal gradient, and a majority of molecularly
significant ions are presumably formed there. This
area is often referred as selvedge. The last region, just
above the surface of the analyte, is a gaseous cloud
formed by the emission of particles into vacuum by
the laser impact, where ion/molecule reactions could
occur. In general terms, the ions observed on the mass
spectra may be, according to the model of Hercules
and co-workers, simultaneously the result of laser
interaction with the solid (principally atomic ions) or
the product of ion/molecule reactions in the selvedge
(cluster ions).

Schueler et al. [3] considered that the fast ion
formation process induced by pulsed laser irradiation
could not be related simply to a heating process [4];
indeed, excitation and desorption can be processes
faster than thermal equilibration on the uppermost

surface [3]. They concluded [5] that the cluster ion is
most probably generated directly from the solid phase
by disruption of the crystalline lattice. This process
may be broken down into four steps: (1) irradiation of
the crystal; (2) population of the conduction band
(CB) by multiphoton processes in the case of alkali
halides; (3) excitation of the CB electron, and (4)
energy transfer to the lattice which induced the
ablation process.

Dennemont et al. [6], Lafargue et al. [7], Gibson
[8], Hachimi et al. [9,10], and Liu et al. [11] are
amongst authors who suggested that the ion formation
occurs through ion/molecule reactions in the selvedge
or in the gas phase. The cluster ions may be formed by
growth from smaller entities and sequential neutral
molecule addition occurring on precursor ions. Some
other studies seem to confirm this fact: Chaoui et al.
[12] obtained similar TOF-LMMS fingerprints when
PbTiO3 and a PbO/TiO2 equimolar mixture are stud-
ied successively. In the same way, Mele et al. [13]
detected mixed species consistent with the empiric
formula [Cu(SrO)n]1 after laser irradiation of a CuO/
SrCO3 mixture. Moreover, Musselman et al. [14] after
analyzing natural NiS particles mounted on an
isotopically enriched34S film, established the exis-
tence of ion/molecule recombination reactions in
the laser-induced plasma.34S enriched cluster ions
(NiS1, NiS2

1, and Ni2S
1) were indeed detected.

The last three cited works clearly indicate that the
cluster ions observed on the mass spectra obtained
do not provide information about the nature of the
compound analyzed, but rather about the ion mol-
ecule reactions occurring in the laser plume after
irradiation.

Recently, Liu et al. [15] published an interesting
study of Co(NO3)2 6H2O. Their original instrumental
setup [16] allowed them to extract a selected part of
the plume ions. The delay between the laser pulse and
the application of the acceleration high voltage en-
abled them to detect the ions according to their initial
transverse velocity. When the interval was very small,
the cluster ions detected were only ConOm

1. However,
when the authors increased this interval,
{Co[Co(NO3)2]x (H2O)y}

1 cluster ions were de-
tected. This difference is justified by differences in
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initial velocity. The {Co[Co(NO3)2]x (H2O)y}
1 ions

are directly ejected from the sample surface, whereas
the ConOm

1 clusters ions are formed later on the free
expansion by a recombination of smaller species
which, due to their lower initial mass, display a higher
directional velocity. Thus, Liu et al. showed that the
mechanisms of cluster formation are twofold: direct
ejection and ion/molecule reactions.

In the context of alkali and alkaline earth chromate,
we tried to understand how major positive cluster
ions are formed by laser irradiation and how the
above described concepts account for the various
processes taking place in the laser plume after laser
ablation.

This is why we studied the fingerprint variations
induced by a modification of instrumental parameters
(power density and wavelength) or chemical com-
pounds (i.e. alteration of hydration degree) before
suggesting mechanisms for the formation of mixed
metal oxygenated cations.

Furthermore, the study of a technical grade mag-
nesium chromate compound containing in particular
sodium impurities supplies information on the stabil-
ity of the specific M3CrO4

1 cluster ions, with M being
an alkaline atom. A simple model based on the
minimization of unpaired electrons will allow us to
confirm this fact.

The comparison of hydrated and anhydride mag-
nesium chromate fingerprints suggested that the ag-
gregation processes can be interpreted as competitive
reactions involving the affinity of the precursor ion
with each of the neutral species present in the plume
after the laser irradiation.

2. Experimental

2.1. Chemicals

All chromate compounds—except for commercial
technical-grade magnesium chromate (from Aldrich,
Milwaukee, WI, USA)—were of analytical reagent
grade and have been described in detail elsewhere [1].
Sodium nitrate (99%), potassium nitrate (99%), and

rubidium nitrate (99%) were obtained from Prolabo
(Paris, France).

2.2. Laser microprobe Fourier transform ion
cyclotron resonance mass spectrometer

These analyses were performed using a laser mi-
croprobe FTICR mass spectrometer described in de-
tail elsewhere [17,18]. This instrument is a modified,
differentially pumped, dual-cell Nicolet Instrument
FTMS 2000 (Finnigan FT/MS, now named Thermo-
Quest, Madison, WI, USA) operated with a 3.04 tesla
magnetic field and coupled to a reflection laser inter-
face.

The viewing system, using an inverted Cassegrain
optics design, allows one to visualize the sample with
300-fold magnification. A new sample probe fitted
with motorized three-dimensional (3-D) microma-
nipulators allows spatial accuracy values of less than
10 mm.

The ionization step was performed using the third
harmonic of a Nd-YAG laser (l 5 355 nm, pulse
duration 4.3 ns, output energy used 0.8 mJ). Alterna-
tively, an excimer laser charged with an ArF mixture
(l 5 193 nm, pulse duration 23 ns, output energy
used 1.6 mJ) was used. The diameter of the laser beam
on the sample (placed inside the source cell) can be
adjusted by means of the internal lenses and an
external adjustable telescope from 5mm to several
hundredmm, which corresponds to a power density
ranging from 1010 to 106 W/cm2.

The experiment sequence used for these analyses
has been described in the first part of this study [1]. It
should be noted that all experiments were performed
with Cr1 and M1 ejection [19] (where M is the
counter ion of the chromate compounds) in order to
enhance the detection of the signal supplied by
mixed oxygenated cluster ions. In fact, the majority
of atomic ions induces a dissociation of cluster ions
by collision and disturbs the detection process.
Each FTICR mass spectrum resulted from an aver-
age of one hundred laser shots fired on consecutive
spots.
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3. Results and discussion

In the second part of this study we examine the
influence of instrumental parameters on the mass
spectra obtained.

Two specific laser parameters induce fingerprint
modifications. The power density dependence pre-
vails over the mass spectra obtained in positive and
negative detection modes from 107 to 1010 W/cm2.
Similarly, laser wavelength variation induces changes
in the fingerprints.

Only the study of the mixed metal ions observed in
positive detection mode will be presented. Indeed, this
kind of ions are in small numbers in the negative
detection mode, the major part of the negative mass
spectra is composed of pure oxygen–chromium ions
[1]. Moreover, the results refer to the influence of the
hydration degree on the fingerprint of magnesium
chromate compounds will equally be presented.

3.1. Influence of experimental parameters

3.1.1. Influence of power density on the fingerprint
of alkali chromate at wavelength 355 nm

The development of the fingerprints displayed by
the five alkali chromate compounds in relation to
power density is, all in all, similar. Only minor
differences appeared when we compared the relative
ion distribution of these five compounds. As already
shown [1], the stability of the ion is reinforced as the
radius of the alkali increases. Consequently, the ratio
between the intensity of other MnCrxOy

1 to M3CrO4
1

ions significantly decreases when lithium, sodium,
potassium, rubidium, and cesium are successively
studied by mass spectrometry. As a consequence, in
this part of the study, we provide only the results
obtained with sodium chromate, considering that
those supplied by the other alkali chromate com-
pounds—except for lithium chromate—are similar.

Qualitatively, for all power densities, the same
cluster ions are produced after laser irradiation of
sodium chromate. Nevertheless, major changes in
relative intensity occur [Figs. 1(a) and 1(b)]. At high
power density, between 53 108 and 43 1010

W/cm2, the largest part of the ions produced display

roughly the same relative intensity, whereas, at lower
power density in the 53 107–5 3 108 W/cm2 range,
we observed an significant decrease of all relative
intensities except for M3CrO4

1. Moreover, the abso-
lute M3CrO4

1 intensity, in this same power density
range, increases strongly to approximately 20 times
the value observed at high power density [Fig. 2(a)].

Globally, the significant decrease in relative inten-
sity observed with the majority of the cluster ions
results from a greater production of M3CrO4

1 ions.
This may be related to the particularly great stability
of this ionic structure [1].

When the power density is further reduced to reach
the ablation threshold at approximately 107 W/cm2,
we simultaneously observed that, even if this ion
remained the main ion on the mass spectra, the
absolute intensity [Fig. 2(a)] of M3CrO4

1 ions de-
creased whereas that of the other ions increased [Figs.
1(a) and 1(b)]. This development—running parallel to
the other one—is to be assigned to the same effect: a
lower yield of M3CrO4

1 ions. A decrease in power
density induces indeed a reduction of the neutrals and
ionic species produced by chromate compounds laser
irradiation. The very poor abundance cluster ions are
relatively little affected by this fact whereas the major
M3CrO4

1 cluster ions are strongly influenced by a
small quantity of neutrals and ionic production.

Furthermore, the general evolution of ion relative
intensity showed that there was higher mixed metal
production at low power density. The number of ions
with more than one chromium atom in their structure
increases when the power density is in the 107–5 3
108 W/cm2 range [Fig. 1(b)]. That may be assigned,
first to a greater production of oxygenated neutrals
and ionic species formed by ion/molecule reactions
involving cluster metal ions, and second to a lower
photon density in the gaseous plume. The cluster ions
formed consequently store less internal energy and
then undergo less dissociative processes. In other
words, in an optimal power density range, the photon
density is adequate to induce enough neutral and ionic
species and to limit dissociation processes by ener-
getic excess.

As noted above, the behavior of potassium, rubid-
ium, and cesium chromate with respect to power
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density is identical to that of sodium chromate,
whereas that of the lithium compound is slightly
different.

A systematic study of alkali chromate compounds
allows one to establish that the differences in stability
between the various mixed metal cluster ions are less
important with the lithium–chromium–oxygen spe-
cies than the other alkali ones. The evolution of the
fingerprint of lithium chromate with power density is
original [Fig. 3(a) and 3(b)]. According to the power
density used, the major ion is the Li3CrO4

1 cation at
high (.109 W/cm2) or low (,2 3 107 W/cm2) power
density, whereas it is the Li3CrO3

1 cation in the
intermediate power density range. Moreover, the dif-
ference in relative ion intensity between the various

Fig. 1. Development of the FTICRMS fingerprint of sodium chromate in the 107–4 3 1010 W/cm2 power density range, at wavelength 355
nm. Distribution of mixed metal oxygenated ions (a) with only one chromium atom and (b) with at least two chromium atoms.

Fig. 2. Evolution of Na3CrO4
1 absolute intensity in the 107–4 3

1010 W/cm2 power density range, at (a) 355 or (b) 193 nm.
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ions is less significant in the case of lithium chromate
fingerprints. All these facts testify to a lesser differ-
ence in stability between all the cluster ions produced
by laser irradiation of the lithium chromate com-
pounds, as compared to what was observed when
studying the other alkali chromate. The detection of
14 mixed metal cluster ions on the Li2CrO4 finger-
print, as against 6 detected with Cs2CrO4 seems to
support this conclusion [1].

3.1.2. Influence of wavelength when varying
between 355 and 193 nm

As in Sec. 3.1.1, we focused on the results obtained
after laser irradiation of the sodium chromate com-
pounds at 193 nm in the power density range of 53
109–107 W/cm2. The evolution of the fingerprint with

the power density at 193 nm is comparable to what
was observed at 355 nm [Figs. 2(b) and 4].

The absolute intensity of Na3CrO4
1 is almost con-

stant over the whole power density range, except
between 23 107 and 33 107 W/cm2; in this specific
case, the absolute Na3CrO4

1 intensity increases by a
factor of 7 [Fig. 2(b)], whereas, at the same time, the
relative intensity of the other ions decreases signifi-
cantly [Figs. 4(a) and 4(b)]. In the latter case, as at a
wavelength of 355 nm, the optimum power density
value has to be reached to yield the Na3CrO4

1 ion.
However, some differences appear when examin-

ing the detail of the results obtained. Indeed, we
noticed first that there was a shift of the optimum
formation power density for Na3CrO4

1 and second a
significant decrease of its absolute intensity when

Fig. 3. Evolution of the FTICRMS fingerprint of lithium chromate in the 107–4 3 1010 W/cm2 power density range, at wavelength of 355
nm. Distribution of mixed metal oxygenated ion (a) with only one chromium atom and (b) with at least two chromium atoms.
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sodium chromate was studied at wavelengths of 355
and 193 nm.

To understand these behaviors, we can make var-
ious suggestions. First, the absorbance of sodium
chromate at 193 and 355 nm: it appears clearly in Fig.
5 that the absorbance is three times weaker at 193 nm
than at 355 nm. Consequently, we may reasonably
consider that the ablation process is more effective at
the latter wavelength and more neutrals and ionic
species are ejected from the sodium chromate after
laser irradiation. The higher absolute intensity of the
Na3CrO4

1 ion at 355 nm may also be assigned to two
laser parameters: the pulse duration and the photon
energy (Table 1). At 193 nm, a greater value of energy
per photon and a longer pulse duration are more

Fig. 4. Evolution of the FTICRMS fingerprint of sodium chromate in the 107–5 3 109 W/cm2 power density range, at wavelength of 193 nm.
Distribution of mixed metal oxygenated ion (a) with only one chromium atom and (b) with at least two chromium atoms.

Fig. 5. Solid phase absorbance spectra obtained for sodium chro-
mate UV–VIS; barium sulfate is taken as reference material.
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favorable for the storage of ion internal energy by
multiphoton processes, considering that the excess of
internal energy induces cluster ion fragmentation.
Finally, the same arguments may be evoked to ac-
count for a shift in the optimum formation power
density of Na3CrO4

1 ions. We may consider that, at
193 nm, the energy required to induce a dissociation
of Na3CrO4

1 ionic structure a lower photon density
and, consequently, a lower power density. Further-
more, the pulse duration at 193 nm is five times longer
than at 355 nm (respectively, 23 and 4.3 ns, Table 1).
Thus, at comparable power density, the probability to
have a multiphotonic absorption process favorable to
dissociative pathway is higher at 193 nm.

Moreover, it is interesting to observe the specific
behavior of Na2CrO3

1 and Na3CrO4
1 cluster ions

under various power densities. At 355 nm, ion with
the highest intensity was always the Na3CrO4

1 one,
whereas Na2CrO3

1 becomes the most intense ion in
the 33 107–9 3 107 power density range when the
experiments are carried out at wavelength 193 nm
[Fig. 4(a)].

This behavior should be accounted for to under-
stand the pathway of M3CrO4

1 ion formation pro-
cesses. This is the reason why we tried to provide a
solution to the delicate issue of cluster ion formation.

3.2. Studying the formation processes of M3CrO4
1

ions

Two hypotheses should be taken in account for the
formation process of M3CrO4

1 ions during the laser
ablation of alkali chromate compounds.

The first one consists in M2CrO4 molecular desorp-
tion, followed by the cationization of this neutral
structure

M2CrO4 1 M13 M3CrO4
1 (1)

The second one corresponds to a stepwise adduction
of neutrals to a precursor ion

CrO4
22O¡

M1

MCrO4
2O¡

M1

M2CrO4O¡
M1

M3CrO4
1

(2)

and

CrO1O¡
MO

MCrO2
1O¡

MO
M2CrO3

1O¡
MO

M3CrO4
1

(3)

In this case, we can consider two different pro-
cesses: (1) a stepwise adduction of three alkali M1

ions on the discharged CrO4
22 anion equation (2), or

(2) a sequential MO neutral adduction to the CrO1

precursor ion equation (3).

3.2.1. First hypothesis: neutral molecular desorption,
followed by alkali cationization

It can be assumed that there is first laser interaction
with the analyte leading to a desorption of intact
analyte molecules, and second alkali cationization of
these molecular neutrals by a positive alkali ion
formed by the laser ablation of the compound ana-
lyzed.

This first formation pathway is comparable to the
matrix-assisted laser desorption ionization ion forma-
tion processes. Some experimental results seem to
confirm this assumption: first, the fact that highest
production of M3CrO4

1 ions occurs when power
density values range between 107 and 108 W/cm2,
depending on the alkali chromate compound studied.
This power density range corresponds approximately
to the best conditions in organic laser ablation/ioniza-
tion mass spectrometry to obtain the desorption of
molecular structures. Second, the alkali M1 ions
produced, at whatever power density, make up an
important stock of cationizing ions. Finally, Rudny et
al. [20] showed with a Knudsen effusion cell coupled
to mass spectrometry that gaseous molecules of po-
tassium chromate are present above the surface of
K2CrO4 heated up at 1215 K. In the 107–108 W/cm2

power density range, the temperature at the surface of

Table 1
Parameters of laser equipment

Wavelength (nm) 193 355
Pulse duration (ns) 23 4.3
Energy per photon (eV) 6.42 3.49
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the analyte exceeds this value and we may reasonably
think that K2CrO4(g) is produced during the laser
ablation of this compound by thermal exchange pro-
cesses.

However, several considerations tend to discard
this assumption on the process of ion formation: first,
the intensity of M3CrO4

1 cluster ions is very weak at
high power density values though the experimental
conditions are in favor of an important production of
M2CrO4 molecules by sublimation, as the surface of
the analyte compound pellet undergoes a high over-
heating at laser impact. Furthermore, the ratio of ionic
to neutral species is higher at high power density; the
production of M1 ions is therefore more important. In
general terms, the production of M3CrO4

1 ions by the
ion/molecule reaction between sublimated M2CrO4

and M1 ions is theoretically favored at high power
density. Experimentally, the greatest production of
M3CrO4

1 ions is obtained in a lower range of power
densities (Fig. 2).

Finally, the results obtained by mass spectrometry
on alkali nitrate—alkali chromate compound mixtures
shown in Fig. 6 provide additional evidence against
this assumption.

Thus, this hypothesis is not appropriate to account
for all experimental results. To bring this part of the
study to a successful conclusion, we considered six
alkali chromate M2CrO4—alkali nitrate M9NO3 mix-
tures, where M and M9 are sodium, potassium, or
rubidium, but M and M9 are different for a given
mixture.

The mixed samples were prepared by grinding an
equimassic mixture of nitrate and chromate com-
pounds in an agate mortar for 15 min. To limit the
number of experiments, we processed only the so-
dium, potassium, and rubidium compounds. We re-
moved the lithium and the cesium ones for two
reasons: first,6Li1 and 7Li1 are submitted to the
foldover effect [1] and induce unnecessary difficulties
for interpretation and second, the introduction of
cesium compounds into our instrument is a cause of
long-term pollution. An intense signal atm/z 133
corresponding to the Cs1 ion endures on mass spectra
for a long time after studying these cesium com-
pounds.

If hypothesis (1) were true, only two ionic struc-
tures should be formed. When mixing the chromate
M2CrO4 and nitrate M9NO3 compounds, we indeed
obtain one chromate molecule source: M2CrO4, and
two alkali ions sources: M1 and M91. Consequently,
according to hypothesis (1), only M3CrO4

1 and
M2M9CrO4

1 ions should be produced by the following
two processes

M2CrO4(subli) 1 M1(g)3 M3CrO4
1(g) (4a)

M2CrO4(subli) 1 M91(g)3 M2M9CrO4
1(g) (4b)

Experimentally, two types of cluster ions are ob-
tained, the first ones are MxM932xCrO4

1 with x 5
0–3, and thesecond ones are MxM952xCr2O8

1 with
x 5 0–5. These two ionic structures are considered
[1] as the most stable ones in the studies on pure alkali
chromate. We will address only to the former one.

Contrary to expectations, the two M2M9CrO4
1 and

M93CrO4
1 ions are also detected. For example, in the

mass spectrometric study of the K2CrO4–RbNO3 and
Rb2CrO4–KNO3 mixtures [Figs. 6(e) and 6(f)], all
MxM932xCrO4

1 combination ions are detected:
K3CrO4

1; K2RbCrO4
1; KRb2CrO4

1, and Rb3CrO4
1.

These experimental results cannot be accounted for by
cationization of the desorbed neutral molecule. These
results suggest that the hypothesis (1) should be ruled
out.

Moreover, these experiments on alkali exchange
allow us to put forward various considerations. First,
when doing mass spectrometric investigation on alkali
chromate, the processes of ion formation are ion/
molecule reactions taking place between alkali and
chromium species in the laser ablation plume. Second,
the stepwise blending of three alkali species from the
nitrate compound allow us to establish that the for-
mation of the M3CrO4

1 occurs via successive reac-
tions.

Finally, these experiments confirm the conclusions
obtained in the first part of this work [1] concerning
the relative stability of the M3CrO4

1 ions when the
five alkali chromate compounds are successively stud-
ied. In all cases, when the electronegativity of the
alkali atoms in the nitrate compound is lower than that
of chromate, we observe that there is an important ion

221F. Aubriet et al./International Journal of Mass Spectrometry 198 (2000) 213–234



Fig. 6. FTICRMS examination of alkali chromate–alkali nitrate equimassic mixtures (a) Na2CrO4–KNO3, (b) K2CrO4–NaNO3, (c)
Na2CrO4–RbNO3, (d) Rb2CrO4–NaNO3, (e) K2CrO4–RbNO3, and (f) Rb2CrO4–KNO3 at 355 nm with a power density of 5.43 107 W/cm2.
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Fig. 6. Continued.

223F. Aubriet et al./International Journal of Mass Spectrometry 198 (2000) 213–234



exchange [Figs. 6(a), 6(c), and 6(e)], and the mass
spectra obtained are composed of mixed alkali cluster
ions. Conversely [cf. Fig. 6(b), 6(d), and 6(f)], when
the electronegativity of alkali atoms is lower in the
chromate than in the nitrate compound, the mass
spectra obtained are similar to those observed when
studying pure alkali chromate compounds [1]; only
mixed alkali cluster ions are then detected in poor
abundance. Further, the greater the difference in
electronegativity between the atoms of nitrate and
chromate alkali is, the more visible these behaviors
are. For example, when studying mixtures including
sodium and rubidium compounds, the majority of ions
obtained are in both cases (sodium nitrate–rubidium
chromate and sodium chromate–rubidium chromate
mixtures) pure rubidium/chromium oxygenated
Rb3CrO4

1 and Rb5Cr2O8
1 ions [Figs. 6(c) and 6(d)].

The ions including a sodium atom are indeed in small
quantities.

These experiments prove that the electronegativity
of alkali atoms and their relative affinity for oxygen
are important factors for the processes of ion forma-
tion.

The difference observed between the spectra on,
respectively, Figs. 6(a) and 6(b), and 6(e) and 6(f) can
be accounted for by the calculation of the molecularR
ratio

R 5
nM9nitrate

nMchromate

(5)

between the alkali atoms from the nitrate and chro-
mate compounds (Table 2). In all cases, this ratio is
higher when the nitrate with the largest amount of
electronegative alkali is mixed with the alkali chro-
mate having lowest electronegativity. For example,

this ratio is higher twice in the case of Rb2CrO4–
KNO3 mixtures, as compared to that of K2CrO4–
RbNO3, this difference justifies why, in the case
shown in Fig. 6(e), the Rb3CrO4

1 is not the main ion,
contrary to what was obtained in the second case
shown in Fig. 6(f).

Though the ratioR is important for the relative
distribution observed on the mass spectra, it is not the
only parameter to be considered that accounts for the
difference observed between the spectra, respectively,
shown on Figs. 6(a) and 6(b), 6(c) and 6(d), and 6(e)
and 6(f). Indeed, if we compare the two spectra
described on Fig. 6(c) and 6(d), we observe similar
relative distribution of ions—with minor differenc-
es—whereas the ratioR of the mixture studied in Fig.
6(c) is three times higher than that in Fig. 6(d). In the
latter case, the thermodynamic effect (difference of
oxygen affinity), which is responsible for the forma-
tion of the Rb3CrO4

1 ions, is too strong to allow the
observation of the less stable NaxRb32xO4

1 ionic
structures (withx Þ zero).

The progressive introduction of alkali atoms from
the nitrate compound into the M3CrO4

1 ionic structure
suggests that the formation of this cluster ion may be
the result of successive adducts on a precursor specie.

Two different processes may be mentioned: the
stepwise adduction of three metal ions M1 on the
CrO4

22 precursor anion (2), or the successive adduc-
tion of neutral MO on the CrO1 ion (3).

3.2.2. Second hypothesis: aggregative processes of
M1 metal ions on the CrO4

22 precursor ion:

CrO4
22O¡

M1

MCrO4
2O¡

M1

M2CrO4O¡
M1

M3CrO4
1

The detection of MCrO4
2 for all alkali chromate

compounds in mass spectrometry investigations in the
negative detection mode tends to confirm this process
[1]. Nevertheless, we never detected the CrO4

22 an-
ions, but this fact should not be taken as an refutation
of the assumption. We may, indeed, consider that the
first step is very fast, and the time required for
MCrO4

2 ion formation may be considerably lower
than the time interval between the generation by laser

Table 2
Molecular ratioR of alkali from nitrate compound to alkali from
chromate

Chromate compounds

Nitrate compounds

NaNO3 KNO3 RbNO3

Na2CrO4 . . . 0.80 0.55
K2CrO4 1.15 . . . 0.60
Rb2CrO4 1.70 1.42 . . .
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ablation/ionization of the ions and these ions are
detected.

However, other observations suggest that this pro-
cess of M3CrO4

1 ion formation is very improbable.
First, with FTICRMS equipment, the detection of

positive ions is ensured by the application of positive
potentials to the trapping plates to maintain them
inside a potential well. The presence of negative ions
between the two trapping plates is possible only
during the very short time interval between their
formation and the collision with either of the trapping
plate. In other words, the first two steps of process (2)
may kinetically occur very swiftly before the negative
ions disappear. Moreover, the presence of neutral
M2CrO4 molecules that are not trapped by the poten-
tial application on the pathway of ion formation is
another limitation to this process.

The key point of process (2) is the formation of
CrO4

22 precursor ions. Indeed, the formation of mul-
ticharged species by laser ablation in our instrumental
conditions is very unusual. With our equipment, only
few experiments made possible the detection of mul-
ticharged ions. This occurred only at very high power
density (.1010 W/cm2) and it provided only atomic
species, whereas the highest yield of M3CrO4

1 ions
took place at lower power density (between 107 and
108 W/cm2). However, two CrO4

22 ion formation
pathways may be considered. The first one is consis-
tent with a double electronic capture

CrO4O¡
e2

CrO4
2O¡

e2

CrO4
22 (6)

and the second one consists in a photodissociation of
the ionic bounds in the chromate structure under the
laser beam

(7)

The electronic affinity of CrO4
2 is equal to285

kJ/mol [20]; it is therefore not favorable to this
process in the laser plume.

To investigate the capacity of process (7) to ac-
count for the formation of the CrO4

22 anion, a com-
parative investigation of the potassium chromate and
bichromate TOF-LMMS fingerprints was carried out
(Fig. 7). Whereas CrO4

22 ions were obtained by
K2CrO4 laser ablation when applying reaction (7), the
same type of process applied to the K2Cr2O7 would
reasonably produce the Cr2O7

22 ion in the following
process:

K2Cr2O7O¡
hn

2K1 1 Cr2O7
22 (8)

In this case, the precursor ion would be Cr2O7
22,

and, by a process similar to reaction (2), the cluster
ion in a majority should be K3Cr2O7

1.
Experimentally, when we compared the TOF-

LMMS fingerprints of potassium chromate [Fig. 7(a)]
and bichromate [Fig. 7(b)], no difference was observ-
able. In both cases, the main cluster ion detected is
K3CrO4

1. However, we observed a dramatic decrease
of (KO)n Cr1 intensity (n 5 2 or 3); this result may
be considered as revealing the greater stability of
(KO)nCrO1 ions, as compared to (KO)nCr1 ions, and
it may be related to the disappearance of the latter
species on the FTICRMS fingerprints of alkali chro-
mate [1].

The aggregation pathway (2) may be rejected for
another reason. The process of negative ion formation
when studying these compounds in our experimental
conditions is weakly influenced by changes in wave-
length; as a matter of fact, no notable changes
appeared in the fingerprints on negative mass spectra
between 193 and 355 nm. Thus, the yield of CrO4

22

ions should not be notoriously altered when alkali
chromate compounds are successively investigated at
355 and 193 nm. Moreover, the production of atomic
ions increases at the latter wavelength; it can be seen
that, whereas the ionization of alkali atom—with the
exception of cesium—calls for two photons at 355
nm, only one is necessary to induce photoionization at
193 nm.

In general terms and with due account for the
above two points, the formation of the M3CrO4

1 ion is
not likely to be greatly modified by a variation in
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wavelength. Experimentally, we observed a dramatic
decrease of its absolute intensity when we compared
the results obtained at 355 and 193 nm [Fig. 2(a) and
2(b)]. This behavior could not be satisfactorily ac-

counted for by the increase of molecular fragmenta-
tion at 193 nm. As opposed to the first aggregation
process, the second one is more adequate to account
for the wavelength/behavior correlation. The accumu-

Fig. 7. Comparative TOF-LMMS study of (a) potassium bichromate and (b) chromate, at wavelength 357.9 nm.

226 F. Aubriet et al./International Journal of Mass Spectrometry 198 (2000) 213–234



lation of counter evidence can be considered as
sufficiently firm ground to allow for a rejection of the
hypothesis of the first aggregation pathway.

3.2.3. Third hypothesis: aggregative process by
successive adduction of neutral MO species to the
CrO1 ion:

CrO1O¡
MO

MCrO2
1O¡

MO
M2CrO3

1O¡
MO

M3CrO4
1

In this process, the production of M3CrO4
1 ion

stems probably from the adduction of successive
neutral MO species to the precursor ion CrO1 reac-
tion (3). This hypothesis is supported by the system-
atic presence of M2CrO3

1 ions on the fingerprints of
alkali chromate whatever the power density (Fig. 1).
The poor abundance MCrO2

1 ion was detected on the
lithium and sodium chromate mass spectra at high
power density [1].

Contrary to what observed in the process described
by reaction (2), all ions included in this pathway are
positive ions; consequently, their presence in the
FTICR cell is not submitted to trapping potential
restrictions.

Moreover, the significant decrease in M3CrO4
1 ion

intensity when these compounds are successively
studied at 355 and 193 nm [Figs. 2(a) and 2(b)] may
be accounted for by this process. The dissociative
energy of the LiO, NaO, KO, RbO, and CsO neutral
species are, respectively, equal to 3.466 0.17,
2.656 0.17, 2.886 0.22, 2.646 0.87, and 3.076
0.65 eV [21]. At 355 nm, the energy supplied by each
photon is equal to 3.49 eV; it is 6.42 eV at 193 nm.
The MO dissociation processes are also more active at
193 nm. This consideration can also give support to
account for the very low absolute intensity of
M3CrO4

1 ions at 355 nm under high power density
conditions. The greater photon density, in the latter
case, induced by a power density increase, favors the
absorption of two photons required for the dissocia-
tion of most MO neutral molecules.

However, the dependency of behavior on wave-
length may be also partially assigned to the stability of
M3CrO4

1 ions when comparing results obtained first at
193 and 355 nm wavelengths, and second at high and

low power density values. Thus, the cluster aggrega-
tion processes may be considered as a series of
equilibria

CrO1 -|0
MO

MCrO2
1 -|0

MO
M2CrO3

1 -|0
MO

M3CrO4
1

(9)

where the ultimate step in FTICRMS experiments is
the formation of the M3CrO4

1 ion.
At high power density or at more energetic wave-

length (193 nm), the internal energy of M3CrO4
1 is

important. This is why bounding breaks occur in the
ionic structure and induce reverse processes, permit-
ting the formation of more MCrO2

1 and M2CrO3
1 ions

(Figs. 1 and 4). Indeed, the detection of many
M2CrO3

1 ions at 355 nm under high power density
and the fact that the Na2CrO3

1 ion is the preponderant
ion at 193 nm when studying sodium chromate for
middle range values of the power density, seem to
confirm the occurrence of reverse processes.

The identification of the M3CrO4
1 ion formation

pathway allowed us to assess the importance of
relative stability of ion clusters on the mass spectra
obtained, in particular, when investigating the alkali
chromate—alkali nitrate mixture. For that purpose,
we investigated a complex mixture including, in
particular, chromium and sodium species: technical
grade magnesium chromate.

3.2.4. Study of the technical grade magnesium
chromate—stability considerations

With a view to determining the pollutants and their
relative importance, we investigated technical grade
magnesium chromate by x-ray fluorescence and ab-
sorption atomic spectroscopy (Table 3). The results
clearly indicate that this compound is very impure. Its
mass spectrum is shown in Fig. 8(a); we compared it
with that obtained with sodium chromate under the
same experimental conditions [Fig. 8(b)].

The majority of cluster ions observed on the
fingerprint of technical grade magnesium chromate
are identical to those of sodium chromate and are
made up of NanCrxOy

1 cluster ions. None of the
cluster ions observed on the mass spectra of pure
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pentahydrate or anhydride magnesium chromate
[Figs. 9(a) and 9(b), respectively] was detected. How-
ever, we did detect Na1 (m/z 23), Al1 (not shown),
Ca1 (m/z40), Sr1 (m/z86, 87, and 88), and Pb1 (m/z
206, 207, and 208) ions [Fig. 9(a)].

The fingerprint of this impure material surprisingly
corresponds to that of pure chromate sodium, whereas
sodium, magnesium, and calcium species are in sim-
ilar proportions in technical grade magnesium chro-
mate. The difference in Pauling electronegativity
between first oxygen and sodium (2.51), and second
between oxygen and magnesium (2.13), or oxygen
and calcium (2.44) [1] did not account for the fact that
no calcium–chromium–oxygen or magnesium–chro-
mium–oxygen ions could be detected. To have a
better understanding of this result, we may call for the
concept of mixed cluster ion stability. It was shown
previously that the cluster ions formed after alkali or
alkaline earth chromate laser ablation are formed by
ion/molecule reactions in the plume. The distribution
of cluster ions may be correlated to some thermody-
namic data: the affinity of oxygen counter ions and,
above all, the thermodynamic stability of cluster ions.
We demonstrated previously [1] that the FTICR mass
spectrum is an indicator of the most stable ions. As a
consequence, we will try to assess the difference in
relative stability between oxygenated mixed cluster
ions of alkali and alkaline earth chromium.

Kinne and co-workers [22,23] developed a simple
model to evaluate the stability of oxygenated anti-
mony and bismuth cluster ions. The special stability
of some specific cluster ions may be accounted for by
considerations of simple valence bond. The assign-
ment of an oxidation number to all atoms present in

the cluster ion structure allowed these authors to
determine the most stable cluster ion: only such
structures with a balanced number of free valence
electrons (Vel) are stable. They distinguished two
types of free valence electrons: the first ones are
carried by the metal atoms and may be named metal
free valence electronVel(metal); the second ones by
oxygen, they are oxygen free valence electron
Vel(oxygen). When studying MmOn

q1 ions, if x is the
oxidation number of metal M, the number of metal
and oxygen free valence electrons are given, respec-
tively, by

Vel(metal)5 mx2 q (10)

Vel(oxygen)5 2n (11)

The more stable ions have the same numbers of
metal and oxygen free valence electron.

If we try to apply this model to the study of the
mixed metal cluster ions obtained by laser ablation of
alkali and alkaline earth chromate compounds, we
might be able to predict their relative stability.

To conduct this study, we considered only the most
intense ions observed on the fingerprints of alkali and
alkaline earth—respectively, the M3CrO4

1 and the
M92CrO4

1 ionic structures [1]. The most common
oxidation numbers for chromium are1III and 1VI;
the oxidation numbers for oxygen, alkali and alkaline
earth compounds are respectively2II, 1I, and 1II.
The results of calculation are summarized in the Table
4.

These results clearly show a greater stability of the
M3CrO4

1 ion as compared to that of M92CrO4
1. This

explains why no alkaline earth chromium oxygenated

Table 3
X-ray fluorescence and atomic absorption spectrometric analysis of technical-grade magnesium chromate

Speciesa Na2O MgO Al2O3 SiO2 CaO CrO3 PbO

Relative
abundance

in
percentage

15.4b 12.5c 0.90c 0.50c 9.00c 38.00c 3.9c

a Results are expressed in terms of an amount of oxide.
b AAS measurement.
c X-ray fluorescence results.
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ions was observed on the fingerprint of the technical
grade magnesium chromate. Moreover, the oxidation
number of chromium in these ionic structures seems
to be six.

In general terms, the ion formation process occur-
ring during the laser ablation of chromate compounds
is strongly dependent on various parameters. The first
one is the size of the counter ion which enhanced the

Fig. 8. Comparative FTICRMS study of (a) technical-grade magnesium chromate and (b) analytical grade sodium chromate at wavelength 355 nm.
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Fig. 9. Comparative FTICRMS fingerprints obtained for (a) pentahydrate and (b) anhydride magnesium chromate, at wavelength 355 nm.
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partition between stable and less stable ions [1]. The
second one is the presence of other alkali or alkaline
earth species, which may induce the appearance of
other ion formation pathways and globally modify the
fingerprint obtained.

Concerning the structure of M3CrO4
1 ions, the results

obtained allow us to propose two 3-D structures.

(12)

The fact that the oxidation number of chromium atom is
six and M3CrO4

1 is formed by a stepwise adduction
process suggests that the structure could be tetrahedral or
pseudotetrahedral and looks like that of the chromate
anion.

As opposed to oxides corresponding to simple
binary systems, the chromate compounds have ternary
systems. Laser ablation induces the formation of
various neutral species which may be involved in
ion/molecule reaction processes. Investigating this pos-
sibility will be done by a comparative study of hydrated
and anhydride magnesium chromate compounds.

3.3. Influence of hydration on the fingerprint of
magnesium chromate—understanding of the cluster
ion formation in the study of alkaline earth chromate

3.3.1. FTICRMS study of hydrated and anhydride
magnesium chromate

To undertake this part of the study, we selected two
types of magnesium chromate compounds: yellow

pentahydrate magnesium chromate and the ocher
anhydride compound obtained by heating pentahy-
drate for 24 h at 200 °C. Unfortunately, the pentahy-
drate lost a part of lattice water in vacuum at a
pressure of 1026 Pa and turned orange. In fact, we did
not investigate the original chromate but rather an
intermediate hydrated compound whose degree of
hydration is between that of anhydride and pentahy-
drate [Fig. 9(b)]. The number of water molecules in
the crystalline lattice greatly influences the processes
of ion cluster formation by a modification of the
chromium/oxygen ratio.

The FTICR fingerprint of magnesium chromate is
strongly dependent on the presence of water in the
crystalline lattice [Figs. 9(a) and 9(b)]. The fingerprint
of anhydride magnesium chromate described in detail
in part I of the present work [1] is dramatically
modified when the hydrated compound is investigated
by FTICRMS. We could observe: (1) an increase of
the pure chromium oxygenated cations paired in
particular with the presence of additional ions Cr3O5

1

and Cr3O6
1 and an increase of Cr2Ox

1 cluster ions
( x 5 1–4); (2) areversing of the MgCrO2

1–MgCrO3
1

profile though the intensity of the former was higher
than the latter, in the case of anhydride compound, the
introduction of water into the crystalline lattice in-
duced an increase of the intensity of MgCrO3

1 cluster
ions; (3) a decrease of the MgCr2O4

1/MgCr2O6
1 ratio

when anhydride and hydrated chromate were succes-
sively investigated; (4) a modification of the distribu-
tion of the mixed cluster metal ions following the
introduction of hydrated chromate, whereas these ions
generally display an ionic structure with an equal
number of magnesium and chromium atoms or an
excess of magnesium atoms, the major part of the ions

Table 4
Number of free valence electrons (Vel) for oxygen and the metal atom (chromium and chromate counter ion) for the most intense ions
observed when studying the alkali (M2CrO4) and alkaline earth (M9CrO4) chromate compounds

Alkali chromate Alkaline earth chromate

(MO)3CrO1 (M9O)2CrO2
1

Chromium valence III VI III VI
Vel(metal) 3 1 3 2 1 61 3 2 1 31 2 3 2 2 1 61 2 3 2 2 1
Vel(oxygen) 8 8 8 8
Vel(metal)2 Vel(oxygen) 23 0 22 1
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observed when investigating hydrated chromate dis-
played an excess of chromium atoms, this can illus-
trated by the presence of MgCr3Ox

1 ionic structures
( x 5 7–9) on thefingerprint of hydrated magnesium
chromate.

In general terms, an increase of the oxygen/chro-
mium ratio in the magnesium chromate compound
studied induces an increase in the production of
neutrals or ionic chromium species in the laser plume;
this is related to a strengthening of their presence in
the aggregation processes. Thus, cluster ions with a
higher amount of chromium in their structure were
observed on the fingerprint of the hydrated magne-
sium chromate compound.

3.3.2. Processes of ion formation in the study of
alkaline earth chromate

As in the case of alkali chromate compounds, we
may consider that the cluster ions are provided by
sequential adduction of neutral molecules on precur-
sor ions. As for alkaline earth chromate, the main two
ion cluster series may be written by the formula
(MO)nCrO1 and (MO)nCrO2

1, with n 5 1–5 [1]. The
cluster in each series are indeed separated by a mass
equal to the MO weight. We may assume that the
majority of cluster ions observed after laser irradiation
of alkaline earth chromate compounds, by analogy
with the behavior of alkali chromate, are formed by a
stepwise adduction of MO neutral species on the two
precursor species CrO1 and CrO2

1. The aggregation
schemes are described by

CrO1O¡
MO

MCrO2
1O¡

MO
. . . MnCrOn11

1 (13)

CrO2
1O¡

MO
MCrO3

1O¡
MO

. . . MnCrOn12
1 (14)

In the case of the anhydride magnesium chromate
compound, these aggregation pathways are well ad-
hered to, whereas some changes appear when study-
ing the pentahydrate compound. In the latter case, the
ions described in the expressions (13) and (14) are
less numerous. The number of MO neutral adducts on

the CrO1 and CrO2
1 is lower. At the same time, the

number and relative intensity of cluster ions with
more than one chromium atom in their structure
increases dramatically [Fig. 9(a) and 9(b)]. These
results suggest that we have competitive processes: an
adduct of either an alkaline earth or of a chromated
neutral species onto the precursor ions. The introduc-
tion of water molecules into the crystalline lattice of
the magnesium chromate compounds induces an in-
crease in the number of neutral chromium species in
the gaseous cloud above the analyte after laser irra-
diation of the compound. An accurate study of the
fingerprint of magnesium chromate reveals that two
kinds of neutral chromium species may be involved in
the aggregation process: CrO2 and CrO3 molecules.

In general terms, for a given precursor ion
MnCrxOy

1, three aggregation processes may be as-
sumed, involving an adduct of MO, CrO2, or CrO3

neutral species

(15)

The result of the aggregation process is governed
by (1) the relative ratio of alkaline earth neutrals to
chromated ones in the gaseous cloud above the
surface of the analyte after laser ablation: and (2) the
relative affinity of the various neutrals (MO, CrO2,
and CrO3) with the precursor ion. It appeared clearly
that an increase of oxygen atoms in the compound
studied is favorable to theii and iii processes de-
scribed on diagram (15). In the same way, an increase
of MO units in the precursor MnCrxOy

1 ion induces a
greater yield of ions, along the same lines.

As opposed to this, the comparative study of all
alkaline earth chromate shows that an increase of the
radius of the counter ions restrains the production of
cluster ions by the processesii andiii at low values of
n. The MgCrO4 compound yields indeed [1]
MgCr2O4

1, MgCr2O5
1, and MgCr2O6

1 cluster ions,
whereas the first ions with at least two chromium
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atoms, as detected on the fingerprint of barium chro-
mate, are Ba2Cr2O5

1; Ba2Cr2O6
1; and Ba2Cr2O7

1. The
production of BaCr2Ox

1 with x 5 4–6, after laser
irradiation of the barium chromate compound, was
never observed

(16)

In general terms, the ions present on the finger-
prints of alkaline earth chromate result from aggrega-
tive processes on precursor ions. The relative yield of
cluster ions according to the three different aggrega-
tion reactions i , ii , and iii in diagram (15) are
governed by (1) the ratio of chromated and alkaline
earth neutral species; and (2) the relative affinity of
the precursor ion to MO, CrO2, and CrO3 species. We
may generalize this concept of competitive aggrega-
tive processes for a better understanding of all the
clusters formed by laser ablation ionization of alkali
earth chromate (Fig. 10).

4. Conclusion

The systematic study of alkali and alkaline earth
chromate by two LMMS techniques (TOF-LMMS
and LA-FTICRMS) offered an improved understand-
ing of processes of ion formation.

When investigating these compounds, we provide
evidence of the fact that the cluster ions formed by
laser ablation/ionization are not the result of a com-
bination between a neutral molecule of desorbed
analyte and a charged species—in particular the
counter ion of the chromate compound—but rather
the result of a stepwise process. It was shown that,
most probably, the cluster ions observed on the
fingerprint of these two ranges of compounds (alkali
and alkaline earth chromate) is formed by growing on
the basis of smaller entities, in particular by a sequen-
tial addition of MO neutral molecules (where M is a
alkali or an alkaline earth atom) on the Cr1, CrO1,
and CrO2

1 precursor ions.
The presence of various neutral species in the

gaseous cloud, respectively, CrO2, CrO3, and MO
makes the processes of ion formation more complex
by involving competitive reaction pathways. As a
consequence, the yield of a given ion is governed by
the affinity of its precursor ion with the three kinds of
neutral species. This affinity clearly depends, first on
the radius of the counter ion (the greater it is, the
higher the probability of having an MO adduct rather
than a CrO2 or a CrO3 one), and second on the
precursor ion MnCrxOy

1 (a low n value is more
conducive to an MO adduct).

Moreover, the high stability of the M3CrO4
1 spe-

cies allowed us to propose two structures of the
M3CrO4

1 ion, after considering a simple model based
on the minimization of unpaired electrons; the latter
phenomenon is favorable to a greater stability of the
ion. Theoretical calculation is currently being done,
first to check on their structure and find the most
stable ionic structure, and second to confirm the
stepwise growth of the cluster ions detected on the
fingerprints of alkali chromate. However, the first
results made it possible to highlight an increase in the
dipole moment of the structures MO when the size of
the alkaline atom increases. This led to an increase in

Fig. 10. Growing paths of alkaline earth–chromium–oxygen cluster
ions after laser ablation.
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the ionicity of the connection and to repliment of the
structure of the ion M3CrO4

1 when the Li3CrO4
1 and

the Na3CrO4
1 ions are successively studied with in

this last case obviousness of ONaO bridge.
These concepts are of prime importance for the

speciation problem, considering that laser microprobe
mass spectra does not allow for direct speciation
diagnostics. The mass spectra obtained after laser
irradiation of a complex analyte is not the superposi-
tion of the fingerprints of various mixed components,
but rather the representation of the cluster ions formed
by ion/molecule reactions between all the ionic and
neutral species induced by laser ablation/ionization of
these mixed components.

In conclusion, the simple comparison with the
mass spectra in a database is not sufficient to indicate
the presence of a given compound. The analysis of the
results supplied by mass spectra is indeed much more
laborious.
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